Introduction
While molecular biology, medicinal chemistry, and information technology have advanced considerably in the past 20 years, tools for behavioral analysis have lagged behind. Despite the considerable increase in mutant mouse models, success rates for CNS drugs are some of the lowest in the industry. The high rate of attrition for these drugs can be attributed to a lack of efficacy especially in the early stages of their development (Kola and Landis, 2004) . Every candidate drug or mutant mouse model developed for a CNS indication requires extensive preclinical behavioral evaluation. Unfortunately, behavioral assays are slow and labor-intensive (for review see Tecott and Nestler, 2004) and thus result in a low rate of throughput. Several factors contribute to this low throughput including: (1) the need for extensive training of animals (e.g., radial mazes and operant procedures); (2) the need for human observation (e.g., pain assessment and reflex testing); and (3) the inability of an experimenter to simultaneously assess multiple animals (e.g., elevated plus maze and water mazes). Despite these drawbacks, behavioral data remain the main drivers of CNS drug discovery. Yet, the limitations of these procedures create a bottleneck in the success of CNS programs. Relieving this bottleneck could substantially accelerate drug discovery for CNS indications.
Several companies have attempted to develop automated solutions to behavioral evaluation like PhenoMaster (TSE-systems), PhenoTyper (Noldus, Inc.) and, most recently, PhenoCube (NewBehavior and Psychogenics, Inc.). These systems have generally relied on video analysis to recognize a small number of behaviors, and modular gadget add-ons to evaluate specific behavioral domains (e.g., lickometers, pellet dispensers and operant manipulanda). Here we have taken a different approach; instead of focusing on specific behavioral domains, we have endeavored to capture a highly detailed representation of the spontaneous behavior of a mouse in an open field. Several recent publications have shown that the open field behavior of rodents contains sufficient complexity and sensitivity to elucidate a wide range of drug effects (Kafkafi et al., 2014; Yucel et al., 2009; Kafkafi et al., 2009; Benjamini et al., 2010) . These studies have shown through a careful analysis of video records of open field behavior it is possible to differentiate between therapeutic classes of drugs and mouse strains.
Our system is capable of automatically identifying 23 unique behaviors (see Table 1 ) and providing a complete, real-time profile of mouse behavior. We accomplish this by the integration of stateof-the-art video analysis (Viewer 3 , BiObserve, Inc.) with advanced vibration analysis (developed at Behavioral Instruments, Inc.) to create the Behavioral Spectrometer; a tool with the highest resolution of behavioral identification in the industry. This capability allows for rapid, reliable and robust quantitative profiling of mutant mice and candidate drugs, which may increase success rates for therapeutic interventions and identification of underlying mechanisms of CNS disorders.
This report summarizes the validation and implementation of our system. We assessed the face validity of our system by comparing it to the current "gold standard" of human observation. We assessed the construct validity of our measures by using pharmacological, genetic and physiological manipulations in mouse models that produce well-characterized behavioral alterations. We examined water misting, a classic intervention to stimulate mild grooming (Kyzar et al., 2011; Hartley and Montgomery, 2008) ; restraint stress, which has been used as a model for stress and dramatically increases grooming (Zhang et al., 2011; Dunn and Swiergiel, 1999) ; and the recently described model for autism, the BTBR mouse (Pobbe et al., 2010; Amodeo et al., 2012) . To explore the wider implementation of our system, we also examined pain behavior. Pain has traditionally been assessed through evoked responses from an animal in pain, but a there has been shift in interest placing more focus on spontaneous pain (Mogil and Crager, 2004) . Given that spontaneous pain is a major clinical symptom of pain, a full description of the spontaneous behavior, like the one produced by our instrument, is particularly relevant. Together, these experiments establish the validity of the measures produced by our instrument and show the potential application of our system to a wide variety of CNS disorders.
Materials and methods

Apparatus
The Behavioral Spectrometer (Behavioral Instruments, NJ and BiObserve, DE who market it under the name Behavior Sequencer) consists of a 40 cm by 40 cm square arena enclosed at a height of 45 cm. The removable floor is made of aluminum honeycomb sheet that rests on three vibration sensors. A miniature color CCD camera is mounted in the ceiling above the center of the arena. A row of 32 infrared transmitter and receiver pairs is embedded in the walls at a height of 6.5 cm. The Spectrometer is equipped with 4 dimmable 10-W halogen lights placed on the ceiling of the enclosure. One side of the enclosure is a door allowing access to the arena.
The mouse's behavior is captured by three types of sensors ( Fig. 1 ): a camera captures video, from which position and posture are extracted (Viewer 3 , BiObserve); accelerometers embedded in the floor supports capture the mouse's vibrations; and the infrared beams detect when the animal rears. By using a combination of these sensors we were able to generate very detailed descriptions of mouse behavior. Each behavior produces a distinct pattern of sensor data. The software contains 23 different patterns of sensor readings against which to compare any current readings. Through use of a proprietary algorithm utilizing multidimensional clustering to the nearest neighbor in the sensor data space the computer determines the most likely behavior being emitted by the mouse at every second. A video record synchronized with the computer scored behavior is available for post-session inspection (for details see: http://www.youtube.com/watch?v=8GUw0wR43dY). The Spectrometer software interface allows for numerous experimental variables (e.g., experiment name, mouse number, treatment, etc.) to be attached to each run as well as the automation of the parameters of each session (e.g., start, delay, length, interval, etc.).
Animals
Seventy male CD1 mice between 6 and 10 weeks of age were obtained from Harlan Laboratory (Frederick, MD, USA) for the human video correlation, effect of water spray and pain studies. Forty two male C57 mice, 6-24 weeks of age, were obtained from Harlan Laboratory (Frederick, MD, USA) for use in the restraint stress study. The 12 BTBR T+tf/J (BTBR) and 12 C57Bl/6J (C57) controls were obtained from Jackson Laboratory (Bar Harbor, ME, USA). All animals were group housed under a 12:12 h light-dark schedule (lights on at 06:00 h) with constant access to standard rodent chow and room temperature tap water. Animals were housed for two weeks of facility habituation before testing commenced. All procedures were performed according to protocols approved by Behavioral Instruments and Albert Einstein College of Medicine Laboratory Animal Services in accordance with the National Institute of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Drugs
Naproxen sodium and -Carrageenan were purchased from Sigma Chemical Company (St. Louis, MO). Naproxen sodium was dissolved in isotonic saline in a concentration of 3 mg/ml and administered in a volume of 10 ml/kg intraperitoneally. -Carrageenan was dissolved in water with the aid of sonication and mild heat at a 1% (w/v) concentration and administered into the hind paws (i.pl.).
Procedure
Correlation with human scores
To validate the measures of our system we compared our measures to human scoring of video recordings which is currently considered to be the "gold standard" method for detailed analysis of unconditioned behavior. To maximize confidence in this effort we employed a concurrent validation design where we had our system and human scorers evaluate the same mouse sessions. Video records for human scoring were obtained by placing an additional camera outside the chamber for a lateral view of the mice while the system collected behavioral data. The door to the arena was left open to obtain an unobstructed view of the mice during the sessions. A 12 cm diameter clear plastic cylinder was placed in the middle of the arena floor to restrict the mice from engaging in locomotor behavior. Each mouse was sprayed with five sprays of room temperature tap water from a standard spray bottle and placed in the center of the cylinder to enhance grooming. The Behavioral Spectrometer analyzed and recorded behaviors for each 10 min session. Video from the side-view camera was analyzed separately by two experienced human scorers. Each human scorer was familiarized with the ethogram (Table 1 ) and instructed to attempt to score every second of the session. In practice, each human was only able to confidently score 56% of the seconds. For comparisons with the computer, which scored all seconds, only seconds scored by at least one human were included. This resulted in about 30% more scores for the computer than for the average of the human scores. Due to this asymmetry, it was decided that a correlation of overall raw session score values was the best comparison method.
Wet mice
In order to further validate our system, we employed the "Known-Groups" method of testing for construct validity (Hattie and Cooksey, 1984) . This method involved measuring behavior in two groups of animals that are expected to be different based on prior knowledge. For this experiment we placed wet mice in the chambers with the expectation that when compared to dry mice these mice would display increased grooming (Kalueff and Tuohimaa, 2004) . Wet mice were sprayed three times with room temperature tap water from a standard spray bottle and placed in the Spectrometer arena. Control mice were not sprayed. Behavioral data were collected by the Behavioral Spectrometer for 20 min.
Reproducibility of results
To investigate the stability of the behavioral measures extracted by our system, six control mice were run the next day according to the same procedure to produce the within-subject correlation data. To examine reproducibility of the measures data obtained from two different cohorts of mice were compared to produce the betweensubject correlation data.
Restraint stressed
We sought to further support our construct validity by looking at the effects of restraint stress. After being removed from restraint, mice engage in high levels of self grooming (Zhang et al., 2011; Dunn and Swiergiel, 1999) . Stress was produced by placing mice in a ventilated cylinder, 4 cm in diameter and 8 cm long, for 2 h prior to testing. Control animals were not restrained and remained in their home cages prior to testing. Mice were then placed in the arena and behavioral data was collected for 20 min. 
BTBR
To further establish construct validity, as well as show the range of implementation of our system, we measured the behavior of BTBR mice. These mice have recently been characterized as a model for autism and have been reported to show increased levels of grooming (Silverman et al., 2010) . We examined their behavior by placing them in a 20 cm by 15 cm clear plastic cage with 1 cm of woodchip bedding on the floor in the center of the arena. The clear plastic did not obstruct the infrared photobeams. The dimensions of the cage were chosen to limit the locomotion of the animal but not restrain it. Consistent with the parameters laid out in the earlier study of BTBR mouse grooming (Silverman et al., 2010 ) the BTBR or C57 control mice were placed in the cage and allowed to acclimate for 5 min. After acclimation, behavioral data was collected for 10 min.
Inflammatory pain
We explored the implementation of our system by measuring the effect of inflammatory pain. This experiment served to exemplify the potentially broad applications of our system. Mice were injected with 20ul of 1% -Carrageenan into the plantar surface of each rear footpad (i.pl.), as previously described (da Silva et al., 2012; Khan et al., 2013; Shin et al., 2010) . Control mice were injected with saline and analgesic treated mice were injected with 30 mg/kg naproxen sodium in a volume of 10 ml/kg intraperitoneally (i.p.) immediately prior to -Carrageenan. Untreated mice were injected i.p. with saline. After injections, mice were placed back in their home cage for 3 h prior to testing. For testing, mice were placed, one at a time, in the arena and behavior was recorded for 20 min.
Data analysis
To correlate human and computer scored data, the two human scorers' average scores for each category was computed and compared to computer score values. The strength of the association between scores was quantified using the Pearson Product Moment Correlation test. Using the same test, the correlation between the same subjects run on two consecutive days and the correlation between two separate cohorts of mice was computed. Analyses of all ethogram variables for the different treatments (i.e., wet, stressed and BTBR) were done using unpaired t-tests for each variable (Pearson et al., 2011) . Pain data were analyzed using a one-way ANOVA with the post hoc Multiple Comparisons versus Control Group Holm-Sidak method using saline i.pl plus saline i.p. as the control group. A summary depiction of all the experiments (Fig. 7) was made by taking the difference between the treatment and the control for each ethogram variable and expressing the value as a color coded multiple of the standard deviation of the control for that measure.
Results
All sessions were successfully completed without any occurrence of technical malfunction or animal escapes, thereby ensuring the integrity of the system.
Validation using human scoring
The correlation between human and computer-scored mouse behavior was strong and highly significant (r = 0.967, p < 0.001) (Fig. 2) . The Behavioral Spectrometer was able to accurately predict how a human scored mouse behavior.
Reproducibility of automated scoring
When the same mice were run twice, the system scored them similarly (Fig. 3A) . Computer scores of the same mice on two consecutive days revealed a strong and highly significant correlation (r = 0.97, p < 0.001). Interestingly, the point that fell farthest from the line (89,129) was the measure Still. This discrepancy in values (i.e., value was larger the second day) can probably be explained by a habituation effect on the second day (for review see Leussis and Bolivar, 2006) . When data obtained from separate cohorts of animals were compared (Fig. 3B ) a strong and highly significant correlation (r = 0.98, p < 0.001) was observed. 
Validation using wet mice
Wet mice displayed elevations in measures of grooming nose, head, face, leg, back and tummy as well as scratching (Fig. 4 , p < 0.05). Our system measured significantly less walking as well as orienting in the sniffing and creeping categories (p < 0.05) in mice sprayed with water. As it has been previously reported that spraying mice with water leads to an increase in grooming behavior (Kalueff and Tuohimaa, 2004) , this finding further validates our system's measurements of behavior. While the decreases in orienting and walking were not anticipated, they are not surprising since the mice must decrease certain types of behavior to account for the increase in grooming time.
Validation using stressed mice
The Behavioral Spectrometer detected a dramatic effect of restraint stress on behavior (Fig. 5 ). There were large increases in grooming of all body parts (i.e., paw, face, head, cheek, leg, back, and genitals) (p < 0.05), accompanied by a moderate increase in scratching (p < 0.05). Conversely, stress produced dramatic decreases in locomotor behavior (i.e., walk, trot and run) and a mild decrease in the orienting behaviors of sniff and look (p < 0.05). Again, this was not surprising considering the increase in grooming had to come at the expense of other behaviors. The observed increase in grooming was consistent with previous reports (Zhang et al., 2011; Dunn and Swiergiel, 1999) and served to further support the validity of the measurements made by our system.
BTBR mice
BTBR mice showed significant increases in grooming of the paw, nose, head, face, leg, back, genitals and tummy (Fig. 6 , p < 0.05). There were also increases in scratching and orient looking (p < 0.05).
However, the most dramatic effects observed were decreases in all forms of rearing, including still, sniff, bob and climb (p < 0.05). The increase in grooming was consistent with several previous reports (Pearson et al., 2011; Silverman et al., 2012) and, once again, suggests that the Behavioral Spectrometer is making valid measures of behavior. While no previous reports have suggested that rearing behavior is impaired in these animals, there have been no attempts to find which behaviors are decreased to make way for the increased grooming. Additionally, these mice have been reported to exhibit less interest in the outside world (e.g., other mice) than in self-directed activity (e.g., self-grooming) (McFarlane et al., 2008) ; this finding of decreased exploratory rearing is consistent with that description. Fig. 7 shows the ethogram chart for representative samples from the BTBR and C57 groups. The behavioral differences are readily apparent through inspection of the color distribution on the chart. The control C57 mouse shows much more rearing (yellow) while the BTBR mouse shows much more grooming (purple and blue). This chart is created in real time for each mouse during the sessions and serves as a useful means to assess the overall behavior of the subject.
Effects of pain
Mice injected with -Carrageenan into their rear paws (i.e., in pain) showed a dramatic increase in the amount of time they spent stationary (still in Fig. 8 , p < 0.05). This increase came at the expense of almost all other categories of behavior. Except for a few low frequency behaviors (cheek, shimmy and scratch) and orient look, all other behaviors were significantly reduced (p < 0.05). This large increase in immobile behavior is consistent with most animal pain studies (Zhu et al., 2012) . Interestingly, when we compared the saline injected group to previous control groups of the same strain (Fig. 4) we observed a significant increase in still and head grooming scores. The increase in still behavior is consistent with an interpretation that saline injection produced a small degree of pain (i.e., still moved in the same direction that -Carrageenan injection produced) and the increase in head grooming is consistent with the injection procedure being stressful (i.e., head grooming moved in the same direction that restraint stress produced, Fig. 5 ). When -Carrageenan-injected animals were administered the powerful analgesic naproxen, the blockade of pain-induced behavior was absolute. Not only was there no increase in still behavior, but all other categories of behavior were evident at normal or slightly above normal (walk and trot) levels. By examining the effect of an analgesic, we substantiated that our measurements were, in fact, indicative of pain. These findings suggest that our system is sensitive to behavioral changes induced by pain and sensitive to the effects of analgesics. Fig. 9 shows the behavioral data from all experiments expressed as a change from controls and normalized by the standard deviation of the control group. By graphing the results this way it was possible to compare the degree of the behavioral effect between treatments as well as effects on individual behaviors within treatments. We used this information to select head grooming in the BTBR group as a moderate effect on a behavior within a moderate treatment effect. Results of a Power analysis (Power = 0.80, Alpha = 0.05) on these data revealed that the minimum sample size for this degree of effect was 7 mice per group. This depiction also highlights the potential of the system to create a unique signature profile for various experimental manipulations. Here, five different behavioral patterns are shown for five different treatments. These patterns can serve as reference baselines to compare effects of treatments (as was done with pain in the current report). They can also be used to develop a library of "signatures" that can serve as references for profiles of novel treatments.
Behavioral signatures
Discussion
The validation and implementation of the Behavioral Spectrometer, a novel instrument that measures mouse behavior, has been summarized in this report. This video-and vibration-based system exhibited excellent agreement with trained human observers in the identification of 23 different behaviors emitted by mice in an open field. Furthermore, our system was able to identify numerous statistically significant behavioral effects in three mouse models of CNS disorders.
Validation of the Behavioral Spectrometer was accomplished through several rigorous tests. We employed the "gold standard" of human scoring to produce categorization scores of behavior and then compared those to our system's automatic scores as a test of face validity. We then employed three tests of construct validity using a "Known Groups" method. These experiments consisted of testing different treatments of animals that had been reported in the literature to show increased grooming behavior: wet mice, stressed mice and BTBR mice. Our system found robust and significant differences between the groups in the three models. In all cases the changes observed were consistent with previous reports, suggesting that the categorizations produced were accurate and valid.
Interestingly, our human-scored correlation experiment showed that the humans, despite attempting to score every second, were unable to come up with scores for 44% of the seconds. This is one of the difficulties of human scoring and highlights a unique feature of our box: every second is scored. By producing a score for every second our system ensures that no behavior will be missed, whether it is anticipated or not. The algorithm assigns even unique behaviors to closely approximated categories. This "forced fit" method ensures that all behavioral abnormalities show up in the data. For example, we have observed (data not shown) that clonic seizures are commonly classified as "shimmy". Once a signal is identified in the categories, it can be observed directly in the video record for further subjective description, if desired.
The BTBR mouse has been reported to have deficits in social behavior and show increased levels of grooming reminiscent of stereotypic self-stimulatory behaviors seen in children with autism (Pobbe et al., 2010) . Due to the critical need for tools to facilitate autism research, we decided to test the BTBR mouse with our instrument. Consistent with previous reports, we found increased levels of self-grooming. Not only were the grooming variables increased, but the amount of increase was similar to previous reports (Pearson et al., 2011) . Additionally, we found that the BTBR mice show a profound rearing deficit. To our knowledge, ours is the first report of this behavioral deficit. A lack of exploratory rearing is entirely consistent with the autism-like phenotype of this mouse (i.e., a less outwardly focused animal). This finding highlights the utility of the full spectrum behavioral profiling provided by our instrument.
We wanted to explore the potential of our system to be used in a diversity of mouse models of CNS disorders. Since many models are based on interventions (pharmacological or surgical), we chose to look at one of the more popular models of inflammatory pain based on injection of a chemical irritant. Inflammatory pain caused the mice to profoundly limit their behavior to mostly sitting stationary. Typically, this type of response would be problematic for behavioral testing since there would be little to no spontaneous behavior to analyze. While this was true in our case, we had a plethora of affected behavioral measures which to compare against an analgesic response. When we administered the analgesic naproxen we saw a dramatic reversal of every behavior. Although somewhat surprising, the complete reversal was not inconsistent with reports in the literature of the high analgesic efficacy of NSAIDs in inflammatory pain (Jain et al., 2002; Berk et al., 2009; Sahin et al., 2001 ). These findings are especially exciting because the rich background of data gathered can be used as contrast for seemingly dull alterations in behavior. This allows for a very informative assessment of possible therapeutics. This feature in our system is ideal for exploring models whose return to normal behavior is the focus of the research. For example, in schizophrenia research, treatment with psychotomimetics agents like PCP is often used to model the human condition. However, PCP produces massive increases in locomotor behavior which makes behavioral assessment problematic. A lot of research has focused on merely measuring the degree to which an agent can reduce this locomotor activity; this too is problematic as any agent that sedates the animal will look therapeutic. Behavioral spectrograms. The effect of each treatment was computed as the change in behavior relative to control expressed as a multiple of the standard deviation (SD) of the mean of the control values. The depiction is color coded to correspond to degree of change in the occurrence of the behavior, with dark blue representing an increase of more than 2 SDs, light blue between 1.5 and 2 SDs, green between 1 and 1.5 SDs and red representing as decrease of more than 2 SDs, orange between 1.5 and 2 SDs and yellow between 1 and 1.5 SDs. Results that were not statistically significantly different from control values or where the difference was less than 1 SD are plotted in white. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
eminently possible to distinguish between mere sedation (or stimulation in our pain experiment) and true return to normal behavior, as our pain experiment nicely shows. Because our system is highly standardized it allows for the benefit of comparisons across experiments to be made. With each experiment users would add to a library of patterns which describe drug effects and/or diseases. This library would then provide a reference from which to compare the results of all past and future experiments. Once the library is sufficiently large, results from our system would produce a result that tells the user what class of drugs or disease models most closely resemble their treatment. And, in fact, early adopters of our system have begun to build this library through the publication of ethograms associated with a model of Parkinson's and a model of abnormal neural development (Paumier et al., 2013; DeBoer et al., under review, respectively) . By testing for multiple indications in a single session through library reference comparisons, the long standing need for a truly high-throughput assay would be satisfied.
Overall, these results show that the Behavioral Spectrometer makes valid and detailed measurements of behavior which are sensitive to numerous experimental manipulations. Importantly, the assessments made by our system are truly high-throughput in that they are automated, scalable and obtained in a single short session. We assert that this instrument represents the most detailed, highthroughput behavioral recognition system commercially available. We hope that our instrument can be helpful at relieving the bottleneck which has heretofore plagued behavioral evaluation in CNS research.
